First in-situ measurements of SO 2 in the tropical UT/LS. 22 • Typical SO 2 at the tropical tropopause is near 5-10 pptv.
1 Introduction 39 Stratospheric aerosols (SAs) are an important component of the Earth's radiative balance. 40 Because SA lifetimes are on the order of 100 times those of tropospheric aerosols [Crutzen, 41 2006], the relatively small sources of SAs are disproportionally significant for climate. SAs also 42 provide surfaces for catalytic chemistry that can efficiently destroy stratospheric ozone 43 [Solomon, 1999] . A number of proposals suggest that it may become necessary to attempt to 44 mitigate global warming (i.e. climate intervention (CI), solar radiation management, or 45 geoengineering) by enhancing SAs through direct injection of sulfur dioxide gas (SO 2 ) into the 46 lower stratosphere [Shepherd, 2012; McNutt et al., 2015] . For all of these reasons the chemistry 47 and source gases that control the SA burden in both current and future climates are of wide 48 interest. 49 Filter measurements [Junge et al., 1961] , volatility measurements [Rosen, 1971; Borrmann et al., 50 2010], and mass spectrometer measurements [Arnold et al., 1998; Murphy et al., 2014] all point 51 to SA being dominated by sulfuric acid (H 2 SO 4 )-water mixtures, although recent work has 52 shown that in the upper troposphere and lower stratosphere (UT/LS) organic material may 53 sometimes be a significant fraction of the mass [Brühl et al., 2012; Murphy et al., 2014; Yu et al., 54 2016] . Crutzen [1976] originally proposed that oxidation of carbonyl sulfide (COS) to form 55 H 2 SO 4 might play a dominant role as a source of SAs because of its ubiquitous tropospheric 56 mixing ratio of ~500 pptv, and its efficient photolytic destruction in the stratosphere. While 57 subsequent modeling studies have agreed that COS plays an important role [Chin and Davis, 58 1995; Thomason and Peter, 2006; Brühl et al., 2012; Sheng et al., 2015] , the fraction of the SA 59 burden that can explained by COS oxidation during volcanically quiescent periods remains 60 unclear. 61 Other than COS, the only gas-phase stratospheric sulfur source that is thought to potentially be a 62 major term in the background SA budget is SO 2 . Because SO 2 is completely converted to H 2 SO 4 63 and then SA on a time scale of ~ 1 month in the lower stratosphere, the flux of SO 2 into the 64 stratosphere can be considered to be an equivalent source of sulfate aerosol. With the current 65 global anthropogenic emission of SO 2 near 60,000 GgS yr -1 [Smith et al., 2011] , even a very 66 small fraction entering the stratosphere would be significant compared with the approximately 67 100 GgS yr -1 estimated as necessary to maintain the SA burden. Recent positive trends in SA 68 have been suggested to potentially result from increased anthropogenic emissions, particularly in 69 Asia where the summer Asian monsoon anticyclone efficiently transports pollutants including 70 SO 2 to the lower stratosphere [Hofmann et al., 2009; Randel et al., 2010] . Others have shown 71 that the apparent trend can be mostly explained by a series of minor volcanic eruptions [Vernier 72 et al., 2011; Neely et al., 2013; Brühl et al., 2015; Mills et al., 2016] . In-situ measurements of 73 SO 2 at the tropical tropopause where the majority of species enter the stratosphere have however 74 not previously been available, and this has long been recognized as leaving significant 75 uncertainty in the relative importance of this stratospheric sulfur source [Kremser et al., 2016] . 76 Unlike COS, SO 2 processes in the troposphere are complex. A large suite of natural and 77 anthropogenic SO 2 point sources and the SO 2 reactivity with hydroxyl radicals (OH) and 78 oxidants dissolved in cloud droplets result in a heterogeneous SO 2 distribution in the UT. 79 Transport into the UT through deep convection is particularly uncertain due to the sensitivity of 80 aqueous-phase sulfur oxidation chemistry to parameters such as pH and the availability of 81 hydrogen peroxide. Therefore, having confidence in modeled UT/LS SO 2 abundances requires 82 direct validation. 83 To understand the tropospheric SO 2 contribution to the SA budget, we performed the first in-situ 84 SO 2 measurements at and above the tropopause in the tropics. Here we present these 85 measurements and compare the in-situ measurements to calculations using two chemistry-86 climate models. We then use the models as a form of transfer standard to evaluate the accuracy 87 of the retrievals of background SO 2 mixing ratios from the MIPAS satellite instrument 88 (Michelson Interferometer for Passive Atmospheric Sounding) [Höpfner et al., 2013 [Höpfner et al., , 2015 , as 89 well as those from the ACE-FTS satellite instrument (Atmospheric Chemistry Experiment -90 Fourier Transform Spectrometer) [Doeringer et al., 2012] . Finally, we provide an estimate of the 91 global annual flux of SO 2 into the stratosphere, and discuss its contribution to the SA budget. An in-situ instrument based on a laser-induced fluorescence (LIF) technique was used in this 96 study to achieve the desired sensitivity for SO 2 mixing ratios on the order of 1 part per trillion 97 (pptv, 10 -12 number mixing ratio) and to afford operation onboard the NASA WB-57F high-98 altitude research aircraft [Rollins et al., 2016] . The instrument excites SO 2 using a tunable laser 99 near 216.9 nm and detects the resulting red-shifted fluorescence at 240 -400 nm. Typical 100 precision (1s) during aircraft operation with 10 seconds of integration is 2 pptv. For the present 101 analysis the LIF data were averaged to 1 minute, reducing the uncertainty due to instrument 102 noise to < 1 pptv. Systematic uncertainty in the measurement is ±16% + 0.9 pptv. al., 2015] . While the MIPAS single-radiance retrievals provide global daily coverage, the 157 precision of these data at low SO 2 mixing ratios is 70 -100 pptv, necessitating significant 158 averaging to quantify background SO 2 in the UT/LS. To compare the satellite retrievals with our 159 in-situ measurements we use zonally averaged satellite profiles from 10 -25°N during the 160 periods when enhancements due to significant volcanic activity appear to be minor as described 161 in Höpfner et al. [2013] . For the profiles in Figure 3 The temperature and ozone structure observed during the VIRGAS flights indicates that air 167 sampled south of 25°N during VIRGAS is representative of tropical air masses (Fig. 2) . 168 Therefore, we use measurements south of 25°N to characterize the tropical SO 2 field. Figure 3   169 shows statistics of the SO 2 measurements made from the aircraft in the tropical UT/LS region, 170 and compares these with the model calculations ( Fig. 3a ) and satellite retrievals (Fig. 3b ). We 171 show the median and interquartile range for the 1-minute averaged in-situ SO 2 measurements 172 (blue markers and shading). In the lower stratosphere (18 km and above) a narrow distribution 173 centered near 3 pptv was observed, and values above 10 pptv were rare. In the tropopause region 174 (~17 km), a broader distribution was observed with a median value of 10.8 pptv. In the upper 175 troposphere (14-17 km) only a minor vertical gradient is observed, likely evidence of vertical 176 mixing related to the extensive convection in this region. period (see [Mills et al., 2016] ). Figure 3b shows the mean of these WACCM profiles exhibit a 207 slightly higher, but very similar profile to that for 2015. Overall, the in situ/model/satellite 208 comparison suggests that MIPAS mean values are not useful for characterizing background 209 UT/LS SO 2 without considering the full range of stated uncertainty and temporal variability. This 210 is an important conclusion because MIPAS mean values have been used as an absolute point of 211 reference for recent global model simulations in the LS [Brühl et al., 2015; Sheng et al., 2015] . 212 A primary objective surrounding the various measurements of SO 2 in the LS is whether they 213 suggest that the chemical and transport processes controlling SO 2 in this region are understood 214 well enough to have confidence in the role of SO 2 in maintaining SA mass and, ultimately, in 215 SO 2 -based geoengineering simulations. For example, the in-situ observations of the SO 2 vertical 216 gradient in the lower stratosphere is consistent with destruction of SO 2 by OH in conjunction 217 with slow ascent. Assuming a lower stratosphere ascent rate of 0.4 mm s -1 [Schoeberl et al., 218 2008], the transit time between 17 km and 18 km is 29 days. The SO 2 lifetime (e-folding) in this 219 region due to reaction with OH is estimated to be about 30 days [Höpfner et al., 2015] . 220 Therefore, if the chemistry and dynamics in the LS are well simulated in models, the SO 2 mixing 221 ratio at 18 km should be about 38% of that at 17 km. This fraction is in reasonable agreement 222 with the in-situ measured ratio (33%) and simulated ratios of 50% (both GEOS5 and WACCM). 223 The larger equivalent ratios from MIPAS (70%) and ACE-FTS (80%) are likely due at least in 224 part to insufficient vertical resolution in the satellite retrievals (~3 km). 225 An estimate of the annual flux of SO 2 into the stratosphere can be derived by taking the product 226 of the annual mass flux across the tropical tropopause and the mean tropical tropopause SO 2 227 mixing ratio. Rosenlof and Holton [1993] calculated a flux through the tropical tropopause (15 228 °S -15 °N) of 6.5 x 10 11 Gg air yr -1 . As reasoned above, the modeled zonal mean provides the 229 most representative values of the SO 2 zonal mean mixing ratio in the LS. Assuming a zonally 230 averaged value of 5.1 pptv SO 2 (5.6 x 10 -12 sulfur mass mixing ratio) at the tropopause, a flux of 231 3.6 GgS yr -1 is derived. In contrast, the SOCOL-AER modeling study [Sheng et al., 2015] shows 232 SO 2 mixing ratios close to those retrieved by MIPAS and calculates a flux of 50.9 GgS yr -1 due 233 to SO 2 alone, which is a factor of 14 times higher than our derived flux. That study shows an 234 average tropical tropopause mixing ratio of about 30 pptv SO 2 at 17 km for 235 September/October/November, which accounts for a factor of about 6 difference relative to our 236 5.1 pptv. The remaining factor of 2.3 in the flux is likely due to differences in the assumed 237 troposphere/stratosphere exchanges. Stenke et al. [2013] show that the tropical water vapor tape 238 recorder produced in the SOCOL version used by Sheng et al. (SOCOLv3T31) implies modeled 239 tropical upwelling that is about 1.85 times as fast as that observed by the HALOE satellite, 240 suggesting that the modeled flux through the tropical tropopause is likely high by a similar 241 factor. This may also imply that the SOCOL-AER stratospheric aerosol lifetime is too short due 242 to an overestimated Brewer-Dobson circulation speed. After the differences in tropopause SO 2 243 and tropical upwelling, the small remaining difference between our flux estimate and the 244 SOCOL-AER flux is likely due to extratropical transport that is neglected in our analysis and 245 uncertainties in the tropical upwelling. Given that SOCOL-AER does not include eruptive 246 volcanic SO 2 sources, and that the continuous emissions at the surface are quite similar to those 247 used in the WACCM and GEOS-5 simulations, this implies that SOCOL-AER brings about 5.9 248 times (30 pptv / 5.1 pptv) as much of the surface SO 2 to the tropopause. 249 Many studies have used various techniques to calculate the flux of sulfur into the stratosphere (in 250 the form of sulfate or its precursors) that would be required to maintain the observed 251 stratospheric aerosol burden [Chin and Davis, 1995 and references therein; Thomason and Peter, 252 2006; Brühl et al., 2012; Sheng et al., 2015] . These studies typically either estimate the 253 stratospheric aerosol burden and divide this by the estimated lifetime of the aerosols, or derive al. [2012] for example calculated that about 65 Gg yr -1 of OCS (34.7 GgS yr -1 ) accounts for at 65 280 -75 % of the SA source, implying that the total budget is only 46 -53 GgS yr -1 . Clearly, 281 uncertainties in the SA budget still lie in both the rates of exchange between the troposphere and 282 stratosphere, and in the role of spatial and temporal inhomogeneity in SO 2 in the UT. Resolving 283 this issue will require more UT measurements in important convective regions and near regions 284 with unique SO 2 emissions (e.g. Asia). 285 SO 2 -based CI scenarios suggest that a sustained stratospheric input of 10 3 -10 4 GgS yr -1 would 286 be required to increase the SA burden to sufficiently offset the radiative forcing from a doubling 287 of pre-industrial CO 2 [McNutt et al., 2015] . In such a world, the current budget (~10 2 GgS yr -1 ) 288 of background SA mass becomes irrelevant. However, understanding the present-day chemistry 289 and dynamics that controls the distribution of aerosols in the stratosphere is the key to predicting 290 the effectiveness and consequences of CI scenarios. An accurate assessment of the vertical 291 distribution of SO 2 in the LS, such as is reported here, helps to provide confidence in the 292 chemistry there, and should be considered an essential benchmark to test models and satellites 293 that might be used to evaluate CI scenarios. 
